We report a γ-ray irradiation reduction method to prepare MnO/reduced graphene oxide (rGO) nanocomposite for the anode of lithium ion batteries. γ-Ray irradiation provides a clean way to generate homogeneously dispersed MnO nanoparticles with finely tuned size on rGO surface without the use of surfactant. The MnO/rGO composite enables a fully charge/discharge in 2 min to gain a reversible specific capacity of 546 (mA·h)/g which is 45% higher than the theoretical value of commercial graphite anode.
I. INTRODUCTION
Portable electronics and electrical vehicles require advanced lithium ion batteries (LIBs) that can deliver an energy density of >250 Wh/kg at a high rate of >10 C for >1000 cycles [1] , therefore, electrode materials with both high specific capacity and rate capability are greatly demanded to meet these goals. However, the existent commercial graphite anode has a limited specific capacity (372 (mA·h)/g), while anode materials like transition metal oxides and silicon, which possesses high theoretical specific capacities, suffer from poor rate capability and cycling life due to their low electrical conductivity and volume expansion during charge/discharge [2] . For instance, MnO is an attractive anode material for LIBs because of its low conversion potential and voltage hysteresis of <0.8 V, high theoretical capacity of 756 (mA·h)/g, and high mass density of 5.43 g/cm 3 coupled with low cost, environmental friendliness, and high nature abundance of Mn element [3] , however, its high electrical resistivity of 10 6 Ω·cm [4] and volume change [5] result in an inferior specific capacity, rate capability and cycling life.
To date, different strategies have been proposed to address these issues and conclude that an optimized MnO-based anode material (also valid for other transion metal oxides or silicon) should possess nanometersize MnO particles uniformly dispersed on conductive frameworks to facilitate Li + diffusion and elec-tron conduction. The conductive framework also serves as a stable support to prevent the loss of pulverized MnO upon Li + insertion/extraction to extend the cycling life [6] . Recently, reduced graphene oxide (rGO), a two-dimensional material with excellent conductivity, large surface area, structural and chemical stability [7] , has been demonstrated as an optimal choice to address the above mentioned issues [3a, 8] , and a variety of methods have been reported to prepare MnO/rGO composites. The most popular synthesis methods include hydrothermal and wet chemical reduction which can yield ultrafine MnO nanocrystals on rGO microsheets with promising electrochemical properties for LIBs [3a, 8a] , whereas, high pressure conditions and poor scalability of hydrotheromal process or toxic reduction agent used in wet chemical method hinder their practical applications. Especially, surfactant is required in these synthesis methods to prevent the aggregation of MnO nanoparticles and restacking of rGO sheets which is sandwiched between the MnO and rGO, ultimately hinders the charge transfer during charge/discharge. To the best of our knowledge, MnObased anode materials for LIBs with high reversible capacity (e.g. ∼2000 (mA·h)/g, with respect to the mass of the MnO/rGO composite, both here and below) and rate capability (e.g. ∼800 (mA·h)/g at 8 A/g, corresponding to a fully charge/discharge in 6 min) combined with long cycle life (e.g. >500 cycles) has rarely been reported.
γ-Ray is high energy electromagnetic radiation usually produced by the decay of high energy states of atomic nuclei (γ-decay), which can decompose water molecules to form both reductive (hydrogen radical and hydrated electron, ·H and e − aq ) and oxidative (hydroxyl radical ·OH) species. These species concentrations are dependent on the radiation intensity and will be deactivated when radiation is shut down, thereby, providing well controlled and clean sources of oxidants or reductants for chemical reactions. When water is mixed with oxidant sacrifice agents (e.g. ethanol) , ·OH can be eliminated and transformed into reductive radicals (·OH+CH 3 CH 2 OH→·CH(CH 3 )OH+H 2 O) which can reduce GO. Radiolysis-induced reduction reaction can generate homogeneously distributed condense products of nanometer sizes because of the negative standard potential of e − aq (∼2.77 V vs. standard hydrogen electrode). The shape and size of the nanoparticles can be readily controlled by adjusting the irradiation time and intensity [9] . Especially, e − aq reduced rGO can be well dispersed in water without the assistance of surfactants [9d] .
Here we report a γ-ray irradiation reduction method to prepare MnO/rGO composites carried out at room temperature and ambient pressure. The as prepared composite shows excellent dispersity in aqueous solution, and the MnO nanoparticles are well dispersed on rGO surface with a narrow particle-size dispersion of (20±3) nm without the assistance of any surfactant. Therefore, the MnO/rGO composite shows high specific capacities retention of 2175, 775 and 546 (mA·h)/g (with respect to the mass of the composite) at high charge/discharge current densities of 0.2, 8, and 15 A/g, corresponding to a fully charge/discharge in 2 min yet with specific capacity 45% higher than the theoretical value of graphite.
II. RESULTS AND DISCUSSION
As the photographs in FIG. 1(a) show, manganese oxide/rGO reduced by hydroiodic acid (HI) precipitates gradually after keeping for 2 h in the solvent, while the sample produced by γ-ray still disperses evenly in the solvent, indicating a more homogeneous dispersion of the γ-ray reduced product. We studied the effect of irradiation time on the chemical composition of the manganese oxide/rGO composite. As shown in the X-ray diffraction (XRD) patterns (FIG. 1(b) ), crystal structure is non-detectable after the KMnO 4 /GO mixture was exposed to γ-ray for 4 h, and Mn 3 O 4 crystals are found with extended exposure time of more than 8 h. The X-ray photoelectron spectroscopy (XPS) of C 1s (FIG. S1 in supplementary materials) shows strong peak at 284.8 eV that can be assigned to graphitic carbon (C=C) in graphene, while the satellite peaks at higher binder energies arise from the oxygenated carbon atoms (C−O at 286.2 eV, C=O at 287 eV, O−C=O at 288.5 eV). The analysis of C 1s spectra indicates that with the increase of γ-ray irradiation time from 4 h to 32 h, the ratio of carbon-carbon bonds increases from ∼54% to ∼71%, and the contents of oxygenated 3(a). The MnO nanoparticles on rGO sheets have an average size of (27±6) nm when the γ-ray irradiation time was 8 h, which drops to (20±3) nm and subsequently increased to (28±5) and (33±6) nm when the γ-ray irradiation time was increased to 16, 24, and 32 h. The larger MnO particle size for the composites irradiated for 8 h than that of 16 h may be due to the insufficient reduction of KMnO 4 (FIG. 1(b) and (c) ). And the further increase of the MnO particle size with the irradiation time indicates the γ-ray irradiation induced MnO growth, which shows as a slow rate of ∼0.8 nm/h. Therefore, the size of MnO nanoparticles can be finely tuned by γ-ray irradiation without the assistant of surfactant, which is very important for high-rate electrode materials as smaller MnO nanoparticles and direct attachment on rGO is crucial for charge transfer during the charge/discharge. Moreover, the mass ratio of MnO in composite that was studied by thermal gravimetric analysis (FIG. S7 in supplementary materials) can be readily tuned by varying the content of the KMnO 4 /GO mixture. The highest MnO mass ratio of 73.5 wt% was achieved when a GO/KMnO 4 mass ratio of 0.05 was applied (FIG. 3(b) ).
For the further studies, we focus on the MnO/rGO composite prepared by γ-ray irradiation on KMnO 4 /GO (weight ratio of 2) for 16 h because of the smallest MnO particle size and moderate MnO mass loading of 58.5 wt%, which are favored for the LIBs. The pore structures of the MnO/rGO was detected by N 2 isotherms (FIG. 3(c) ). The calculated specific surface area of the MnO/rGO is 160 m 2 /g with average pore size of 41.5 nm. The porous structure of the MnO/rGO could be ascribed to the stacking of 20 nm-large MnO decorated rGO microsheets.
The electrochemical performance of MnO/rGO composites was investigated with R2032 coin type cell with Li metal as the counter/reference electrode. The galvanic charge/discharge (GCD) curves of MnO/rGO composite at different current densities are plotted in  FIG. 4(a) . The discharge curve shows a plateau at 0.5 V vs. Li/Li + and a specific capacity of 2175 (mA·h)/g at a low current density of 0.2 A/g. Note that the specific capacity value was calculated with respect to the mass of MnO/rGO composite. The subsequent charge curves show two plateaus at around 2.1 and 1.3 V vs. Li/Li + . These plateaus match well with the faradaic peaks in cyclic voltammograms curves (FIG. S8 in supplementary materials) . These revisable cathodic and anodic peaks can be assigned to the revisable electrochemical reaction [10] :
The discharge specific capacity gradually decreases to 546 (mA·h)/g at the current density of 15 A/g with the discharge plateau at around 0.25 V clearly visible, indicative of excellent kinetics of the MnO lithiation [11] . The rate capability of the MnO/rGO composite is shown in FIG. 4 (b) . The specific capacities measured at current densities of 0. 2, 0.5, 1.0, 2.0, 4.0, 6.0, 8.0, 10, 12 and 15 A/g are 1937, 1684, 1605, 1301, 1124, 971, 775, 714, 634 and 546 (mA·h)/g, respectively, with respect to the mass of composite. After changing the current density back to 0.2 A/g, the reversible capacity recovers to 2175 (mA·h)/g, indicating an excellent electrochemical reversibility. The high reversible specific capacity of 546 (mA·h)/g at a current density of 15 A/g corresponds to a fully charge/discharge in 2 min to gain energy that is 45% higher than the commercial graphite anode. This result is superior to previous MnO based anode materials (FIG. 4(c) ) [3a, 8b, 12] , which can be ascribed to the γ-ray irradiation induced wellcontrolled MnO particle size and direct attachment of MnO on rGO sheet without surfactant in between.
The cycling performance of MnO/rGO composites under 2 A/g is displayed in FIG. 4(d) . It is interesting to see that the specific capacity and coulombic efficiency increase at the initial cycles which has also been observed in previously reported Mn-based materials [3a, 11, 13] for LIBs. This phenomenon is owing to the activation process of MnO particles. At the initial cycles, only the top surface of the MnO can take into lithiation/delithiation reaction because of the low electrical conductivity of MnO. Whereas, the lithiation/delithiation process gradually penetrates into the core of the MnO particles and generates smaller MnO particles, thereby, improves the specific capacity of the composite [14] . This result is in accordance with the decreased charge transfer resistance measured by electrochemical impedance spectroscopy (FIG. S9 in supplementary materials) , down shift of the anodic peak at 2.1 V with cycling (FIG. S10 in supplementary materials), and 2−5 nm MnO nanocrystals after 500 cycles charge/discharge that are significantly smaller than the MnO at the initial state (FIG. S11 in supplementary  materials) . For comparison, the electrochemical properties of MnO/rGO composites reduced by HI are displayed in FIG. S12 in supplementary materials, which indicates a lower specific capacity and rate capability than the γ-ray reduced MnO/rGO composite.
CV tests with a scan rate from 0.1 mV/s to 20 mV/s are employed to study the charge storage mechanism of the MnO/rGO composite. The cathodic peaks at ∼0.3 V and anodic peaks at ∼1.3 V are chosen to study the relationship between the current density (i) and scan rate (v) according to the power law equation: i=av b [15] , where a and b are adjustable val- [16] . FIG. 5(b) shows the plot of normalized charge versus v −1/2 for MnO/rGO measured with scan rates from 0.1 mV/s to 20 mV/s. In the region I, where v≤3 mV/s, the Q is nonlinear with v −1/2 , indicating that Q is mostly irrelevant with scan rate. In this scan rate region, the charge storage is mainly attributed to surface capacitive contribution. In region II, where the v>3 mV/s, the Q increases linearly with v −1/2 , indicating that the charge storage is limited by diffusion process at high rates.
Based on the above analysis, the excellent rate capability of MnO/rGO can be attributed to the structure features yielded by the γ-ray irradiation synthesis. The e − aq induces a homogeneous reduction of KMnO 4 and growth of Mn 3 O 4 on rGO surface, thereby, the particle size of MnO can be controlled in the rate of 0.8 nm/h with size variation of a few nanometers. The nanometer size MnO facilitate lithiation/delithiation reaction when charge/discharge. The γ-irradiation generates a stable suspension of Mn 3 O 4 /rGO without the assistance of surfactant, allowing for the direct condensing of manganese oxide on rGO surface. Such contact is favored for charge transfer between the MnO and rGO during charge/discharge.
III. CONCLUSION
We have demonstrated a γ-ray irradiation reduction method to synthesize MnO/rGO composites. The γ-ray irradiation generated e − aq produces homogeneously distributed MnO with finely tuned particle size on rGO without the assistance of surfactant. The MnO/rGO composites outputs a reversible gravimetric capacities of 2175 and 546 (mA·h)/g with respect to the mass of the whole composite at current densities of 0.2 and 15 A/g, respectively, demonstrating a remarkable rate capability for the anode of LIBs.
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